A unique method for producing Polikon cation-anion exchange mosaic materials has been proposed. The materials were prepared by the polycondensation filling of polymer composites and via synthesis and curing of a weakly basic anion exchanger and a strongly acidic sulfonated cation exchanger on the surface and in the structure of a fibrous novolac phenol-formaldehyde matrix. Molecular models that characterize the chemical composition of the developed composites are given. The effect of the composition that facilitates the formation of a material with stable performance characteristics has been studied. The cause-and-effect relationships of the structural, physicochemical, and operational properties of the heterogeneous cationanion-exchange mosaic materials Polikon under thermomechanical action at the stage of polymer matrix curing were investigated. Empirical equations that refine these relationships were obtained. The morphology and internal structure of the test heterogeneous membranes were characterized by scanning electron microscopy and energy-dispersive elemental analysis. The viscoelastic properties of the samples were studied by dynamic thermomechanical analysis.
INTRODUCTION
Studies on bipolar membrane synthesis have currently attracted considerable interest due to the fact that bipolar membrane electrodialysis (BMED) has become an environmentally safe technology with a wide range of industrial applications including resource utilization, clean ("green") chemical production, and environmental conservation [1] [2] [3] [4] . In this method, when a direct electric potential is applied, water molecules present in the hydrophilic part between the cationic and anion-exchange layers of bipolar membranes are split into H + and OHions. The anions and cations of a salt solution, which pass through the anionic and cationexchange membranes, combine with the H + and OHions to form an individual mixture of a corresponding acid and a base, respectively [5] . As compared with the well-known separation methods (membrane electrolysis, electrodialysis, ion-substitution electrodialysis, and electrodialysis with a bipolar membrane), BMED is more efficient from the point of view of energy consumption; theoretically, the energy requirement is about 40% of the need for water electrolysis with gas evolution [6] . This was also a reason for increasing interest in the use of BMED and bipolar membranes for chemical synthesis, which in turn led to an increase in the number of scientific papers.
Wang et al. [7] studied the applicability of BMED to the recirculation of glyphosate and inorganic salts from a glyphosate solution and demonstrated that approximately 1 mol of L -1 HCl and NaOH can be obtained. Yao et al. [8] used a hybrid process including reverse osmosis, electrochemical oxidation, and BMED for the purification of textile wastewater to provide a 97% water regeneration efficiency. A method was proposed for the treatment of desulfurization wastewater, which mainly contains NaCl and Na 2 SO 4 after chemical precipitation, because more than 80% of coal-fired power plants in China accepted this process by 2014 in accordance with a report on the development of desulfurization and denitration in China [9] . As a rule, an alkaline limestone suspension is injected into a desulfurization column to absorb SO 2 , and the resulting by-products (gypsum) can be comprehensively used as additives to cement and other building materials [10] . Unfortunately, this technology also leads to the regeneration of large amounts of desulfurization wastewater. Wastewater for desulfurization contains significantly large amounts of chlo- ride ions, solid ions, suspended solids, and trace heavy metals such as mercury, arsenic, selenium, and cadmium [11] . These pollutants can accumulate in an aquatic food chain and pose a significant hazard to the host ecosystem [12] . The removal of acidic components, in particular, naphthenic acids, is very important for the modern oil refining industry. Achoh et al. [13] proposed a method for the conversion of an aqueous organic solution of sodium naphthenates into naphthenic acids and alkalis by electrodialysis with bipolar membranes. There is a steady interest in the production of organic acids by BMED; this is primarily due to the development of "green chemistry" and, in particular, the use of biomass fermentation products as a source of organic acids such as citric, lactic, and formic acids [13] . Bunani et al. [14] studied the use of BMED for the simultaneous separation and recovery of boron and lithium from aqueous solutions. In the treatment of aqueous-organic solutions of salts using ion-exchange membranes, a number of negative phenomena occur primarily due to the presence of organic components and polyvalent metal ions in solution. In addition, a loss of salts as a result of the migration of co-ions can be prevented using bipolar membranes with high permeability [15] .
The main negative effect is the poisoning of membranes with organic substances, which leads to an increase in the electrical resistance of the membranes, a decrease in the limiting current and selectivity, and a change in the transport-structural characteristics of ion-exchange membranes. It is very important that bipolar membranes should have high permeability, low electrical resistance, high rate of water splitting, low voltage drop, high current efficiency, good chemical and mechanical stability, and long service life. It is well known that the use of bipolar membranes reduces costs per unit; however, operating costs increase due to the need of periodically replacing an expensive bipolar membrane. Therefore, one of the ways out of this situation is to improve the efficiency of using wellknown bipolar membranes by modifying them directionally [16] or to develop their better and less expensive analogues. The aim of this work was to develop an original method for the production of Polikon cationanion-exchange mosaic materials.
EXPERIMENTAL
The test materials were samples prepared by the polycondensation filling method on a fibrous base; these samples contained both cation-and ionexchange matrices formed directly on the surface and in the bulk of fibers. The cation-exchange matrix was a polymer analogue of the well-known strongly acidic cation exchanger KU-1, and it contained the sulfo group -SO 3 H. The anion-exchange matrix was a polymer analogue of the polyfunctional anion-exchange resin EDE-10P of mixed basicity, and it contained secondary and tertiary amino groups and quaternary ammonium groups. Kynol fabric from novolac phenolformaldehyde (NPF) fibers was used as a fibrous base [17] . Previously [18, 19] , we found that the selected fibrous base is promising because the material has necessary and sufficient thermal stability, and it is also resistant to aggressive media. Sulfo cation-exchange and polyfunctional anion-exchange regions were formed on the fibrous base; the initial total weight of the fragments was the same. In the finished membrane structures, light colored anionic fragments alternated with dark brown cation-exchange regions with a period of about 4 mm ( Fig. 1 ).
To achieve an optimal combination between the level of operational characteristics and the stable properties of membranes at different organization levels, it is necessary to establish strict quantitative relationships between the structure and properties of the initial components and the final compositions. We considered the elementary fragments of a novolac phenol-formaldehyde fiber, a sulfo phenolic cation exchanger, and a weakly basic epoxidian anion exchanger, the molecular models of which are shown in Fig. 2 . Primary molecular models were optimized using MM2 force field methods to achieve the geometrical convergence of macromolecules.
The morphology, composition, and thickness of the samples were determined on an analytical complex based on a MIRA 2LMU scanning electron microscope ( Fig. 3 ). Energy-dispersive X-ray microanalysis was carried out using an INCA Energy 350 system. With the selected measurement conditions and the location of a sample with respect to an electron beam, the region of characteristic X-ray generation was 1 μm in depth. The microanalysis was performed in three regions of the sample surface corresponding to cationexchange, anion-exchange, and transitional fragments (region nos. 1, 3, and 2, respectively, in Fig. 3a ). The areas of test surface regions were 1 × 0.5 μm. Table 1 summarizes the results of the analysis.
In the development of the cation-exchange or anion-exchange fragments, we studied the influence of the composition γ (Table 2) or ξ, respectively, at different composition curing times (τ, h) and compacting pressures (P, MPa), which are responsible for the structure and properties of the resulting anionexchange matrix; the depth and completeness of chemical transformations were judged from the amount of extracted compounds and, functionally, from the exchange capacity level ( Table 3 ). We found that the higher the percentage ratio of the ionexchange matrix in the system, the higher the exchange capacity level. However, note that a number of technological limitations are related to the peculiarity of polycondensation filling.
To determine functionally justified conditions for the production of Polikon cation-anion-exchange mosaic materials, we obtained mathematical models using a full three-factor experiment in accordance with a procedure described in detail elsewhere [20, 21] . These models parametrically described relationships between the processes of polycondensation filling and the qualitative characteristics of the resulting membranes: flexural strength (MPa), impact strength (kJ/m 2 ), ultimate tensile strength (MPa), thermomechanical process temperature (°C), compaction pressure (MPa), and the duration of oligomer synthesis on the surface and in the structure of the composition (min). Figures 5-7 illustrate the results. Based on the data shown in Fig. 4 , we can conclude that the pair effect of thermomechanical processing has the greatest effect on the flexural strength of the finished membranes. Moreover, the ratio between temperature and pressure at different levels leads to an increase in the flexural strength: at 110°C and 8 MPa and at 100°C and 16 MPa. We took into account that, of these two factors, temperature has a stronger effect, and a static effect increases with decreasing temperature. The positive influence of the pairwise interaction of the factors of compaction pressure and curing process time occurs with their simultaneous increase or decrease. However, the complementary influence of this pair factor is weaker than the influence of pressing temperature and the joint effect of temperature-pressure by factors of 4 and 11, respectively. A synthesis time of ~25 min at a compaction pressure of 16 MPa and a temperature of 100°C were the most favorable conditions for the production of Polikon cationanion-exchange membranes on NPF with enhanced flexural strength characteristics. The smallest effect on impact strength is exerted by individual parameters (see Fig. 5 ). The influence of paired factors on this qualitative characteristic is almost equivalent, but the smallest pressure and duration within the specified limits are influencing. The Polikon materials based on NPF with increased impact strength can be formed with the following process parameters: pressing time, 5 min; compaction pressure, 5 MPa; and pressing temperature, 110°C.
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An analysis of the data given in Fig. 6 shows that an increase in the pressure and a decrease in the temperature to 100°C exert the strongest effect on the ultimate tensile strength. This nature of the effect was confirmed by an analysis of the coefficients of pair interaction of the relevant factors; that is, the following process conditions are optimal for the production of mosaic bipolar membranes based on NPF: pressing time, 5 min; compaction pressure, 16 MPa; and pressing temperature, 100°C.
An analysis of the mathematical description obtained allowed us to justify a choice for optimal technological parameters (synthesis time, 25 min; pressing temperature, 100°C; and compaction pressure, 16 MPa) required for the production of Polikon polymer composite membrane structures with the following characteristics: ultimate tensile strength (MPa), 57; flexural strength (MPa), 137; and impact strength (kJ/m 2 ), 27.
Static exchange capacity (meq/g) was chosen as an optimization parameter to characterize the functional completeness of the developed membranes using an experimental design technique considered in detail by Kardash [22] under the action of the following factors: the ratio γ between the fiber and the impregnating composition, the compaction pressure, and the curing time. Figure 7 shows the simulation results. The factor characterizing a ratio between the fiber and the impregnating composition in the blend composite has a decisive influence on the Polikon materials based on NPF: the optimization parameter increases with the amount of the impregnating composition. A decrease in the optimization parameter is largely due to an increase in the compaction pressure. The effect of curing time is significantly nonproportional in terms of importance. Taking into account double factors makes it possible to clarify the effects of the chemical and topological structures of the test materials and indirectly confirms the nonuniformity of the rates of chemical reactions competing in the process of synthesis.
The static exchange capacity of the finished structures was experimentally determined based on titration data by difference between the amount of an alkali (NaOH) or hydrochloric acid consumed for the titration of a reference solution and a solution upon contacting with ion-exchanger grains. In this case, the static exchange capacity was expressed in meq of sorbed counterion per gram of dry ion exchanger. The results of an experimental study of the static exchange capacity (SEC) of the membrane were as follows: the SEC was 3.7 or 2.1 meq/g for the cation exchanger or the anion exchanger, respectively.
We experimentally studied the relaxation of the mechanical properties of mosaic membranes on a DMA Q800 dynamic mechanical analyzer. A constant tensile load of 5 N (at a constant humidity) was applied to the samples; then, the temperature was gradually increased from 23 to 90°C at a rate of 8°C/min. The length, width, and thickness of samples were 7.46 × 6.3 × 0.6 mm (Fig. 8) . The relaxation modulus of the test heterogeneous mosaic membrane structures varied within a range of 52-49 MPa at temperatures from 25 to 70°C, which correspond to normal operating conditions during the long monotonic action of a constant mechanical load applied. In the operating conditions under consideration, the test compositions possess acceptable thermal and oxidative stability, and the crosslinked polymer system provides an expanded area of deformation resistance. Under the specified mechanical loads at a temperature higher than 70°C, the material begins to undergo a molecular rearrangement, which was reflected in attempts to minimize localized strains at 73 and 80°C.
CONCLUSIONS
We studied the synthesis and structure formation processes of polymeric ion-exchange matrices under the conditions of polycondensation filling; this allowed us to obtain new information on the possibilities of regulating their structure and properties by the developed technological solutions and refined mathematical descriptions. We prepared a new laterally ordered operational form of Polikon cation-anionexchange mosaic materials with the use of the Kynol fabric based on novolac phenol-formaldehyde fibers as a fibrous base. According to the data obtained by electron microscopy and energy-dispersive X-ray analysis, the structures obtained were homogeneous over their thickness with no clear separation between the cation-exchange and anion-exchange regions, and the transition layer between them exhibited a pronounced cationic asymmetry. The mathematical description that parametrically characterized the relationship between polycondensation filling processes was refined for the test compositions. This relationship included the duration of oligomer synthesis on the surface and in the bulk of the fibrous composition, the temperature and pressure of a thermomechanical impact in the course of curing, and the quality characteristics of the resulting membranes: flexural strength, impact strength, and ultimate tensile strength. The experimental static exchange capacity of the membranes was 3.7 or 2.1 meq/g for the cation exchanger or the anion exchanger, respectively. An analysis of the mathematical description obtained allowed us to determine the optimally stable values of 57 and 137 MPa for ultimate tensile strength and flexural strength, respectively, which correlate with the experimentally obtained relaxation modulus; in this case, the impact strength under the selected process conditions was 27 kJ/m 2 . In the operating conditions under consideration, the test compositions possessed acceptable thermal and oxidative stability, and the crosslinked polymer system provided an extended area of deformation resistance.
FUNDING
This study was supported by the Russian Foundation for Basic Research, project no. 19-08-00721 A.
